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iAbstract
It is possible to produce functionally graded cemented carbides on a large scale by double pressing.
Being able to predict the binder migration in WC-Co cemented carbides during the sintering is
essential to the design of such cemented carbides. e cobalt content is one of the main factors
determining the hardness gradient. e cobalt binder migrates from large to small grains, from
high cobalt concentrations to low and from high carbon concentrations to low. is has been
shown qualitatively and quantitatively. However, the models and theory is not developed enough
to be able to accurately predict and design hardness gradients in cemented carbides.
is research begins by investigating past experiments and models. en proceeds by producing
and investigating double pressed drill bit inserts for top hammers. Lastly, the research made new
and further develop earlier migration equilibrium models and diﬀusion simulations.
is research shows that the migration pressure models are reasonably accurate for certain grain
size ranges. A modiﬁed version of a surface/interface energy minimization model without any ﬁtting
was also used. It can predict the migration to a similar extent and it can be applied to a larger range
of grain sizes. It also provides a maximum gradient in cobalt due to a grain size gradient. is paper
also shows that diﬀusion simulations alone cannot adequately explain the migration, and that some
type of bulk ﬂow is likely to occur during sintering.
Some double pressed drill bit inserts with hardness gradients can be designed using these mod-
els of binder migration. More theoretical development and experiments are suggested to test and
develop our understanding of binder migration in WC-Co cemented carbides.
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Popular Scientiﬁc Summery
Hard materials do not wear down, they break. Take diamond for example, the hardest natural
material, which still breaks with the strike of a hammer and turns in to graphite at around 800 C.
Hence using a pure diamond tool for drilling in rock is then as eﬀective as trying to drill with your
oﬃce pencil.
is is not the case for cemented carbides (hard metals). ey are almost as hard as diamond,
but they do not break as easily and do not turn in to dust at high temperatures. Cemented carbides
are therefore one of the best materials for drilling in rock, cutting in steels, pressing other hard metals
and actually any other application where a hard and tough material is needed.
(a) (b)
Figure 1: 1a Top hammer bit, with inserts (blue arrow). 1b Grey grains and white binder in a
cemented carbide.
Cemented carbides contain grains almost as hard as diamond and a couple of micro meters in
diameter. ese grains are held together by a tough binder, (Figure 1b). e focus here is on grains
of tungsten and carbon, in a cobalt binder, used for inserts in rock drilling bits, (Figure 1a).
Simply put, more binder makes thematerial tougher but softer, smaller grains makes thematerial
harder but more brittle. Making a material with a hard shell and a tough core, would be a possible
solution to prevent wear without making it brittle. Like an armadillo or cell phone case.
Cemented carbides are produced from a powder which is pressed and then heated. e tough
binder distributes itself through the piece during heating. Hence, binder concentrations will diﬀer
before and after heating. e distribution depends largely on the initial binder distribution, grain
sizes and the initial carbon distribution.
is general idea has been known for more than ﬁfty years, but there has been an increase
in published research in the last decade. Today the tools for manufacturing such pieces are now
available. But the theory is not fully developed and modeling eﬀorts are just starting to take place.
is research reviews past theory and research to further develop it. Inserts are also manufac-
tured, tested and the binder migration is modeled. Leading to a better understanding of the material
and the ability to make new harder, better and stronger materials.
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Populärvetenskaplig Sammanfattning
Hårdamaterial slits inte, de knäcks. Diamant är ett bra exempel eftersom det är det hårdaste naturligt
förekommande materialet. Diamant slits inte, men det knäcks om man slår det med en hammare
och det blir till graﬁt vid cirka 800C. Att försöka använda diamant till bergborrning är alltså lika
eﬀektivt som att borra med en blyertspenna.
Så är inte fallet för hårdmetall. Hårdmetall är nästan lika hårt som diamant, men det knäcks
inte lika lätt och det omvandlas inte till ett pulver vid höga temperaturer. Detta gör hårdmetall till
ett av de bästa materialen för bergborrning, skärande bearbetning, pressverktyg eller vilket område
som helst där ett hårt och segt material behövs.
(a) (b)
Figure 2: 2a Topphammarkrona med bergborrstift (blå pil). 2b Gråa korn och vit bindemetall i en
hårdmetall.
Hårdmetall innehåller små korn som är nästan lika hårda som diamant och de är bara ett par
mikrometer i diameter. Dessa korn hålls ihop av en seg bindemetall, (Figur 2b). Detta arbete rör
korn gjorda av volfram och kol i en bindemetall av kobolt, vilket används till bergborrstift (Figur
2a).
Mer bindemetall gör materialet segare menmjukare och små korn gör det hårdare men sprödare,
för att enkelt sammanfatta egenskaperna. Ett hårt skal och ett segt inre är en möjlig lösning, om
man vill skapa ett material som är hårt men inte sprött. Ungefär som ett bältdjur eller ett mobilskal.
Hårdmetall tillverkas från ett pulver som pressas och sedan värms. Den sega bindemetallen
sprider sig genom hårdmetallen under upphettningen. Detta leder till att kompositionen av binde-
fas och korn förändras under upphettningen. Hur bindemetallen då sprider sig beror på kornens
storlek, koncentrationen av bindemetall och kolhalten.
Denna idén som ett koncept har funnits i mer än femtio år och forskningen har tilltagit de
senaste tio åren. Maskiner för att skapa sådana hårdmetaller blev också nyligen tillgängliga. Men
det ﬁnns fortfarande många glapp i teorin och försök att moddlera processen har just börjat.
Den här forskningen undersöker tidigare teori och forskning för att bygga vidare på den. Fram-
ställning och karakterisering av bergborrstift och modellering av bindemetallspridningen görs också.
Detta leder till en bättre förståelse av materialet och en möjlighet att skapa nya hårdare, bättre och
starkare material.
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D: Driving force
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Δxc: e diﬀerence in the molar fraction of carbon in the liquid Co
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Em : Energy per mole
EV : Energy per volume
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G: Wetting parameter 12wc wc   wc bind
Hc: Coercivity force
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Pm: Migration pressure
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Chapter 1
Introduction
Cemented carbides which are sometimes called hardmetals are themost commonly usedmaterial for
diﬃcult machining applications. ey are harder than high speed steels and tougher than diamond.
e common denominator for all cemented carbides is that they consist of hard grains and a tough
binder, Figure 1.1b.
e hardness of the grains and the toughness of the binder, makes cemented carbides an excellent
material for rock drilling, which is an example of a diﬃcult machining application. Cemented
carbide is used as the material in the inserts in the rock drilling bits, also known as buttons. is is
the part of the drilling bit in contact with the rock during drilling, Figure 1.1a. A simpliﬁed picture
of these inserts/buttons are that hard buttons are wear resistant but they chip or break easily, and
tough buttons are crack resistant but wear down faster.
(a) (b)
Figure 1.1: 1.1a Top hammer bit, with inserts/buttons (blue arrow). 1.1bDouble pressed insert/but-
ton with gray gains and white binder.
ere are several ways to deal with this hardness and toughness tradeoﬀ. One way is to create
a gradient in the properties of the insert during the manufacturing process. Drill bit inserts are
manufactured by pressing (compacting) a powder consisting of the relevant raw materials and a
polymer binder into a compact. is compact is a porous and brittle piece and it is called a green
body. e green body is then sintered (heated), resulting in the ﬁnal solid insert. A gradient or a
1
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step change in properties, can be created by pressing two powders with diﬀerent properties together.
Figure 1.1b shows this, where large grains can be seen at the bottom and smaller grains at the top.
is process is called double pressing in this report, and this is how this thesis will create a gradient
in the insert's properties.
is has been done before [4, 6, 7, 11, 12, 20, 21, 25, 37], but predicting how the material
composition and properties change during the manufacturing process is a complex problem. Under
or overestimating the cobalt migration for example, leads to an over or underestimation of the
hardness gradient. is is a signiﬁcant problem since producing a desired hardness gradient is the
main motivation for producing double pressed inserts.
Equipment for serial production of double pressed buttons is now available, increasing the de-
mand for being able to predict the change in properties. is thesis will therefore investigate previous
research, and manufacture and analyze buttons to then attempt to explain and model the process,
along with suggesting future research.
1.1 WC-Co Inserts
Tungsten carbide is themost commonly used carbide for rock drilling applications due to its hardness
and toughness [35, 36]. Tungsten carbide grains consist of tungsten (W) and carbon (C) atoms
making a simple hexagonal crystal, Figure 1.2a. e grains are hard (2400 HV) and usually small
(0.5-15 µm). ere are also diﬀerent types of binders, but cobalt (Co) is the standard. Tungsten
carbide will be the focus of this thesis, but the results of this thesis can be applied, with caution to
cemented carbides in general.
(a)
(b)
Figure 1.2: 1.1a Hexagonal WC structure, larger redW atoms and smaller black C atoms [19]. 1.2b
e tradeoﬀ between hardness, toughness and thermal properties. (Sandvik Images)
Figure 1.2b shows a simpliﬁed picture of the tradeoﬀ one should consider when designing tung-
sten carbides. Basically, more Co makes a tougher but softer material, it can absorb energy by
deforming plastically without failure, (wears down fast, but does not chip or break). Smaller grains
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make a harder but more brittle material, it can resist plastic deformation by a certain load, (chips or
breaks easily, but does not wear down). A material with small grains and large amounts of binder
is not a solution either, since it would lead to a material suﬀering from thermal cycling fatigue due
to low thermal conductivity, (temperature changes leads to cracks, breakage and chipping). Hence
having the right combination of Co andWC giving the desired properties to the speciﬁc application
is essential, [9, 11, 11, 21, 25, 37].
Double pressing allows one to produce a button with a gradient in properties. One example is a
button with a tip that is hard (small grains) and a base that is tough (more binder). Hence it would
resist wear (hard tip) and cracks would not lead to chips and breakage (tough core). But hardness is
not the only property that can be controlled, one can create internal pressures, chemical gradients
or other types of gradients using the same concept. e properties investigated in this thesis will
be cobalt content, grain size and to some extent carbon content, and the focus will be on hardness
gradients.
1.2 Manufacturing Inserts
Knowing how an insert is manufactured and what happens during the process is essential to one's
understanding of the ﬁnal properties of a double pressed insert. ere are many steps in the pro-
cess of manufacturing a button. is section will only focus on the key steps that are essential for
the understanding of this research. ere are many textbooks available on powder metallurgy and
cemented carbides, if a more complete picture is desired [15, 35, 36]. e steps outlined in this
section are, making the initial powder, pressing the powder into a near net button shape (green
body), sintering or ‘heating’ the button to make the binder bind with the grains and consolidate the
green body.
1.2.1 Producing a Powder and Pressing
e powders are prepared by mixing WC, Co, mixing pellets, polymer pressing binder, milling
liquid and free W or C to ﬁne tune the carbon content. e polymer pressing binder is in this case
polyethylene glycol (PEG), which holds the compacted body together. e milling liquid (ethanol
based) and milling pellets (cemented carbides) aid in the milling of the powder. Milling aims to
create a homogeneous powder, with good pressing properties and a well-deﬁned particle size and
distribution.
e powder does not contain pure grains consisting of individual crystals, but rather agglomer-
ates of grains making up particles. emilling aﬀects the particle (agglomerate) size, and the particle
size aﬀects the grain growth during sintering. e grain size and distribution after and before sin-
tering diﬀers, due to grain growth during sintering. e initial grain size is also not the only factor
having an eﬀect on the ﬁnal grain size.
e ratio of the elements mixed in, will also be diﬀerent in the sintered body and the rawmaterial
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mixture. is is mainly because organic carbon oxidizes during the milling and sintering cycle. e
milling time will therefore aﬀect the carbon content as well as the grain size and distribution [36][35,
chap. 4] [15, chap. 8].
e powder is then dried either through spray drying or through evaporation of the milling
liquid and crushing by pestling. All powders in this report are pressed uniaxially. is means that
one or more powders are compacted together by applying a force on the top and the bottom of the
insert, Figure 2.1.
1.2.2 Liquid Phase Sintering
e cobalt binder distributes itself and theWCgrains react with each other and the binder during the
sintering process. is transforms the porous and brittle green body into a hard and tough cemented
carbide. e binder distributes itself relatively evenly in non-gradient inserts. However, this is not
the case in double pressed buttons. Understanding how the binder migrates and distributes itself
during the sintering cycle, is essential to being able to manufacture double pressed inserts. Since
the local cobalt content is one of the main factors determining the hardness of the insert at that
location.
e sintering cycle is usually divided in to three stages, low temperature holding, heating and
the ﬁnal sintering plateau, Figure 1.3a. e ﬁrst two stages remove everything but the WC and Co.
Hence the polymer binder, remaining milling liquid and any organic impurities are heated and react
with a carrier gas to be burned oﬀ. is leads to organic carbon being lost during the process, but
no net migration of the binder occurs at these temperatures (around 300C) [1, 36] [35, chap. 4]
[15, chap. 8].
(a) (b)
Figure 1.3: 1.3a A standard sintering cycle. 1.3b Powder evolution during liquid phase sintering
[35].
eComigration occurs during the ﬁnal heating stage and at the sintering plateau. It is therefore
important to distinguish some concepts easily confused regarding sintering. Densiﬁcation occurs
during solid state sintering due to surface tension, but also during the liquid phase sintering due
1.2. MANUFACTURING INSERTS 5
to binder ﬂow and grain rearrangement. is however does not guarantee a fully pore free body.
e ﬁnal pore ﬁlling is due to diﬀusion and nucleation. Hence densiﬁcation is a rapid process
(minutes), but longer sintering is required for a pore free button [1, 36][35, chap. 4] [15, chap. 8].
e binder also wets both the particles (agglomerates of grains), and the individual grains [35, chap.
4]. Particles are agglomerates of grains, hence they are rounded, form necks, coalesce and rearranged
during densiﬁcation, while grains are prismatic and change shape and grow due to nucleation Figure
1.4.
(a) (b)
Figure 1.4: 1.4a A scanning electron microscope image of WC particles (image size  50 µm)
(Sandvik Images) 1.3b A tunneling electron microscope image of a WC grain [19, S. Jay].
e processes occurring during solid and liquid phase sintering (SPS and LPS) can be described
by the steps in Figure 1.3a. e main driving force has been shown to be surface and interface
energies [1, 15, 35, 36]. e ﬁrst step is solid phase sintering, occurring around 1000-1300 0C.is
leads to densiﬁcation (85-90% of total densiﬁcation), coalescence, WC-WC and WC-Co bonding.
Tungsten and carbon also diﬀuse into the cobalt and some grain growth occurs. e second step
is when the binder starts to liquefy at around 1350 0C. e liquid binder spreads and wets the
surface of the WC particles and in-between the WC grains inside particles, Figure 1.4 and 1.3. is
leads to a rearrangement of the grains and particles due to the pressures and tensions created by the
migrating binder. Any large pores and any gas not removed before this step will create permanent
pores [1, 36] [35, chap. 4] [15, chap. 8]. e third step is solution and reprecipitation as the
solubility of W and C in the binder will increase at higher temperatures. Large grains will grow
and small grains will dissolve due to Ostwald ripening [1, 36][35, chap. 4] [15, chap. 8]. Ostwald
ripening occurs because the surface is less energetically favorable than the interior, and small grains
have more surface per volume.
1.2.3 e Carbon Content
e carbon content is hard to control and determine during the sintering cycle due to oxidation,
outgassing and diﬀusion into the binder. Having an excess of carbon creates graphite and having
a low carbon activity leads to the formation of diﬀerent types of CoxWyC, Figure 1.5. A broader
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Figure 1.5: Phase diagram for WC-Co system, mole fraction of carbon ranging from 0.44 to 0.47,
temperature from 1250 C to 1450 C and a cobalt content of 6% at a pressure of 100000 Pa. Blue
area indicates the carbon window.
term often used for phases created due to a deﬁciency in carbon in cemented carbides is -phase or
just Mx+yC. Graphite is regarded as a defect, however -phase can be used to create a hard a brittle
material. e carbon window (blue in Figure 1.5), also narrows as the cobalt content decreases. is
makes it diﬃcult to create pure WC particles with a binder consisting of C and W dissolved in Co.
e carbon content also aﬀects the temperature at which the binder becomes liquid, as well as
prevalence of certain surfaces and their surface energies. e same mole-fraction or mass-fraction
of carbon in two diﬀerent carbides does also not guarantee that the activity of carbon is the same.
Meticulous investigation and thorough understanding of the eﬀect of the activity of carbon in a
certain carbide is needed to make sound predictions. Hence caution is needed when interpreting
the eﬀect of carbon and how carbon is measured and presented in reports. [1, 19] [35, chap. 4]
[15, chap. 8].
1.3 Modeling of Binder Migration
e reduction of the surface and interface energies are the driving forces for the spreading and
migration of the binder. e surface and interface energies per volume or mole is dependent on the
number of surfaces per unit mole or volume and the energies of these surfaces and interfaces. e
rate of the migration depends on the type of migration. ere might be bulk ﬂow (advection) of
some type (capillary, viscous, imbibition, etc.) at the initial liquid phase sintering. Imbibition being
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a term applied by Lisovsky in [25--27] for liquid migration in a refractory skeleton. ere is also
diﬀusion taking place during the solid and liquid phase sintering [1, 36] [35, chap. 4] [15, chap.
8]. e binder migration might also be due to a combination of diﬀusion and advection, hence
convection.
Lisovsky [25--27] attempted to create a model based on “liquid migration pressure” which he
experimentally tested. is model predicts that, “for a certain liquid phase content in the system
there uniquely corresponds a certain migration pressure, with the increase in the liquid content
entailing a decrease in the pressure” [25--27]. Hence, the liquid migration pressure (Pm) can be
calculated by Equation 1.1 by knowing the volume fraction binder (f ), grain size (d ), constants (kn)
surface and interface energy ( ). is diﬀerence in pressure will then lead to liquid migration. e
liquid can then be modeled as ﬂowing through a dispersed medium, until the pressures of each half
of the insert is equilibrated (Pm1 = Pm2)
Fang et al. further develop Lisovsky'smodel. ey show that cobalt ﬂows fromhigh to low cobalt
concentrations, from high to low carbon concentrations and from large to small grains [6, 7, 12].
Fang et al. also ﬁt data to Lisovsky’s equation and propose a new equation to include the carbon
content, Equation 1.2 [11, 12]. ey include the eﬀect of carbon content, by adding the parameter
Δxc which is the diﬀerence in the molar fraction of carbon in the liquid Co with respect to the
stoichiometry of pure WC [11, 12]. e group get slightly diﬀerent constants than Lisovsky. ey
also set up the Equation 1.2 as a non-linear partial diﬀerential equation to try to model the ﬂow
[10].
Fang et al. [5--12] also carry out more experiments that are similar in nature. e group double
press and triple press carbides having layers with diﬀerent cobalt contents, carbon contents, grain
sizes, -phases and graphite.
Pm = B
1
d

1  f
f
1=3
B =
K
3
wc co

wc wc
2wc co   1

(1.1)
Pm = 2048(1+ k1Δxc + k2Δx
2
c ) [(1=f  1)1=3   1:4f ]d0:4 (1.2)
Konyashin et al.[20, 21], Yuan et al. [37], and internal reports [30, 33, 34] also reach the same
qualitative results, but without applying the Lisovsky model. Delanny et al. [4] break down the
geometric constants in the Lisovsky model, which gives a better understanding on the eﬀect of the
internal geometry of the grains on the migration pressure.
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Stjernberg [32] suggests a model where the migration of the binder will occur until there is a
minimization in the total interface and surface energies per volume, Equation 1.3 and 1.4. Where
he includes other parameters, these are contiguity (C), a wetting parameter (G), total volume (V),
area to volume ratio of the WC grains (R), total surface and interface energy (U). ere is some
uncertainty in how the binder wets the WC grains [19], leading to the use of surface/interface
energy in many places in this report.
Jansson [18] carries out a similar derivation to Lisovsky's and assumes that the cobalt ﬂows
linearly through the carbide skeleton made of capillaries. Conclusions similar to Lisovsky's are
reached (Equation 1.5), by using the mobility (M) and driving force (D) instead. Larsson et al.
in [23, 24] suggests a model where surface and interface energies per mole is added to diﬀusion
modeling software, but this was not completed for WC-Co cemented carbides.
Chapter 2
Experimental Methods
e aim of the experiment is to create a set of double pressed buttons. Each button has two layers of
powders diﬀering in only speciﬁc properties. Eight powders are produced and combined in diﬀerent
ways, Table 2.1. is enables the investigation of the eﬀects of cobalt content, grain size and to some
extent carbon content on binder migration.
is section covers how the buttons are manufactured and tested. e procedure is standard and
comparable to other groups' experiments [4--7, 11, 20, 21, 30, 33, 34, 37] but diﬀer by mixture,
milling and sintering time. Some properties that are not measurable are calculated using thermody-
namic software.
Number of Buttons Button numbers Grain size Cobalt Content Carbon content
8 5,6,7,8,13,14,15,16 diﬀerent same same
8 1,2,3,4,9,10,11,12 same diﬀerent same
4 17,18,19,20 same same diﬀerent
2 21,22 diﬀerent diﬀerent diﬀerent
2 23,24 same diﬀerent diﬀerent
Table 2.1: e types of double pressed buttons manufactured. Complete and detailed table of all
buttons and powders and their exact contents are available in the Appendix Figure A.2
2.1 Powder Production
e cobalt content by weight is either 6% or 10% and it is controlled by mixing in cobalt powder.
e grain size is varied by using two types of WC powders with diﬀerent particle sizes. Graphite
(carbon) and tungsten powder is used to control the carbon content. e powders are milled in
0.25 l mills, then dried by evaporation in an oven over night and pestled by hand. Test pieces of
every powder are pressed and sintered under the same conditions as the double pressed buttons.
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2.2 Measurements of Powder properties
eCo magnetic saturation (Co-m) over cobalt weight percent (Co-m% /Co wt%) is measured for
every test piece. Co-m is an indirect measure of carbon content in the binder, more carbon leads to
less dissolved tungsten in the cobalt. Less dissolved tungsten leads to a higher magnetic saturation
(higher Co-m). Co-m/Co is then a indirect measurement of the carbon content in the binder. Co-
m/Co of 0.98 is an indication of free graphite and 0.75 is an indication of -phase. e Co-m/Co
varies almost linearly between 0.75 and 0.98 in this case. is allows one to calculate an approximate
carbon content of a sintered piece using thermodynamics, since the temperature, pressure and cobalt
contents are known [13, 14, 28]. e carbon activity at the sintering temperature, the temperature
at which the binder becomes liquid and the volume fraction of the liquid at the sintering temperature
is also calculated for every powder using thermodynamic software [2].
e Coercivity force (Hc kA/m) measures the external magnetic ﬁeld required to demagnetize
a material after full magnetization. is gives information about the size and properties of the
magnetic domains. is can then indirectly give information about the mean free path in the binder,
and to some extent the grain size. is is extensively used for quality control, but not such an
important measure in this research.
e samples are cut in half lengthwise and polished, to allow for visual investigation using a light
optical microscope (LOM) to look for graphite, -phase, porosity or any other undesired properties.
e Vickers hardness (HV) measures the hardness using indents, and HV20 is measured in three
places on the polished pieces.
e binder is then etched using Murakami’s reagent (a technique etching away the binder to
show grain boundaries). e linear grain size is measured using Jeﬀries method [3]. e surface
to area ratio is measured directly using Smith's and Guttman’s method [31] and indirectly using a
combination of Stjernberg's [32] and Smith's and Guttman’s method [31].
Figure 2.1: Simple schematic of the uniaxial double pressing carried out in this thesis. Single pressing
is done by leaving out the ﬁrst ﬁlling step, and using twice as much of the single powder.
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2.3 Double Pressed Buttons
e powders are pressed in pairs by ﬁlling half of the pressing die with one powder. e ﬁrst powder
is then ﬂattened manually (no real compaction), and then the rest of the pressing die is ﬁlled with
the second powder. e composite powder is then pressed uniaxially. Figure 2.1 shows the idea
conceptually. Test pressing is usually done to determine pressing properties and settings. However,
the small experimental powder batches did not allow for this. e buttons are then dewaxed at
around 300 C and sintered in two steps at around 1400 C for a total of two hours.
e HV20 is measured along a vertical center line of the button with a spacing of 1mm. e
samples are also etched and then investigated using the LOM. Sample 3, 5, 10, 15, 17, 19 and 21 are
cleaned and observed in the scanning electron microscope (SEM). Qualitative weight percentages
of W and Co are measured using energy dispersive spectroscopy (EDS) incorporated in the SEM.
Carbon can however not be measured using this technique since it is too light. EDS measurements
are made at every HV indent on sample 10, 15, 17 and onemeasurement on the top half and bottom
half is made on sample 3, 5, 19 and 21.
Figure 2.2: Black dots showing where the HV20 and EDS was measured.
Chapter 3
Experimental Results
3.1 Powders
e aim of reaching powders with distinctly diﬀerent properties as in Table 2.1 was reached. e
powders had either distinctly large or small grain sizes, high or low carbon contents and high or low
cobalt contents. e test pieces from the powders had some pores and cobalt lakes, which is normal
for non-spray dried powders Figure 3.1.
(a) (b)
Figure 3.1: Figure 3.1a showing cobalt lakes. Figure 3.1b showing a pore in the top right corner.
e carbon content calculated from the Co-m/Co showed that the powders had either high
or low carbon contents. e powders then have diﬀerent carbon activity levels at the sintering
temperature which is what actualy determines the migration. Half the powders had a calculated
carbon activity of 0.41-0.48 at the sintering temperature and the other half had a carbon activity of
0.33-0.43 at at the sintering temperature. Two powders had a Co-m/Co indicating small amounts
of -phase. However, no -phase was detected during visual examination.
e linear grain sizes and area to volume ratios were also in two distinct groups as desired. e
linear grain sizes are measured using Jeﬀries method, which is a standardized method of measuring
grains by 2D sectioning of a sample. is is not the grain diameter of a 3D grain [3]. However, the
actual surface to area ratio can be measured by the method outlined in reference [31], which was also
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done. is requires measuring the number of grain intercepts in relation to the line length crossing
the grains in many random directions and places on the button. e area to volume ratio measured
directly and using the indirect Stjernberg method diﬀered slightly. e direct method could not be
done on other reports' samples, and hence the indirect method is used for all models to allow for
comparison. e diﬀerence in the calculation itself can be seen in the Appendix A.14.
ere was a rather large spread in the grain size and surface to area measurements for the same
WC powder. is was apparent within the same area of the button and between buttons with the
same powder combination. is might be an indication of a spread in the grain sizes, or due to the
random grain orientation displayed by the 2D section. Hence, an average of all the measured linear
grain sizes and surface to volume ratios for each WC raw material is used. is creates a 'more'
random sectioning as required by [31] and [3]. is assumes that the grain growth was the same in
all the buttons, for the same WC grain size.
No loss of cobalt was also assumed, allowing for the calculation of the temperature at which
the binder becomes liquid. e range of temperatures at which the binder becomes liquid is 1332-
1361C, with less carbon and less binder leading to a higher melting temperature.
Hence the powders produced had the carbon, cobalt and grain size in desirable ranges, but with
rather large ﬂuctuations and uncertainties. e ﬂuctuations were both present within a powder
and between powders which should have at least one identical property. A complete list of powder
properties is available in Figure A.2b in the Appendix.
3.2 Buttons
ediﬃculty of pressing untested non-spray dried powders and problems with the press, led to some
buttons losing their tips. Sample number 13 broke before sintering, but not due to the pressing.
An initial visual inspection shows that shape distortion due to Co migration was present in many
buttons, especially in buttons with an initial cobalt diﬀerence, Figure 3.2a and Figure A.1. Hc
and Com/Co is not a useful measurement of double pressed buttons due to the variation of cobalt
content and grain size within a single button. Cobalt capping (an excess of cobalt on the surface)
can be seen on the button half with small grains, Figure A.1 buttons 5, 6, 7, 8, 14, 15 and 16. is
can be a sign of diﬀerent solidiﬁcation times of the interior and exterior [17].
Comparing theHV20 of the powder test pieces and the sintered button shows what other reports
have shown [4, 6, 7, 11, 12, 20, 21, 25, 37]. Cobalt migrates from large to small grains, large
amounts of binder to small amounts of binder, and from high to low carbon contents. Figure 3.3
shows the change in hardness due to cobalt migration in double pressed buttons having powders
diﬀering in one of the three properties grain size, cobalt content and carbon content.
All the hardness graphs are available in Figure A.3 in the appendix. e graphs 3.3 and A.3
clearly show the variation in cobalt and hardness within each button. is can be due to a non-
uniform powder or the measurement uncertainty (20 HV20). e detailed results of the grain size
and surface to volume ratio (R) measurements are shown in the complete table in Figure A.2a in
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Figure 3.2: Figure 3.2a showing the expansion in a bit with diﬀerent initial cobalt content. Figure
3.2b showing the grain size boundary.
the appendix. e homogeneous samples are measured using the same method and the results are
available in Figure A.2b. A summarized table is shown in Table 3.1.
Button Awc / Vwc (m 1) Vlq /VTot C wt %
Tip Base Tip Base Tip Base
1, 2 4.47 4.47 * * 5.72 5.47
3, 4 2.81 2.81 0.202 0.200 5.73 5.49
5, 6 4.47 2.81 0.152 0.132 5.72 5.73
7, 8 4.47 2.81 * * 5.47 5.49
9, 10 4.47 4.47 0.185 0.185 5.68 5.41
11, 12 2.81 2.81 * * 5.68 5.41
13, 14 4.47 2.81 * * 5.68 5.68
15, 16 4.47 2.81 0.270 0.224 5.41 5.46
17, 18 2.81 2.81 0.234 0.212 5.46 5.49
19, 20 4.47 4.47 0.253 0.234 5.41 5.47
21, 22 4.47 2.81 0.193 0.178 5.72 5.46
23, 24 4.47 4.47 * * 5.72 5.41
Table 3.1: ree key properties of the buttons. Ratio of surface area to volume of WC. Liquid frac-
tion at the sintering temperature after migration, calculated using the cobalt measurements with the
EDS and thermodynamics. Carbon weight % are calculated using initial Com/Co measurements
of the powders and thermodynamics. A more complete list of properties is available in the appendix
Table A.2a. (* values not measured using EDS)
e cobalt content is qualitatively measured using EDS, this also shows some ﬂuctuations and
variations. A qualitative measurement with the EDS gives reasonable percentages, but it does not
agree with the total cobalt content. is can be seen in Figure 3.3c where there is a higher total
cobalt content after sintering than before sintering. is can be solved using other techniques such
as chemical analysis.
e cobalt content together with the initial carbon content of the powder is used to calculate
the liquid fraction of binder at the sintering temperature. Hence this should be interpreted with
3.2. BUTTONS 15
(a) (b)
(c)
Figure 3.3: Graphs showing how the hardness and cobalt content varies along the button, compared
to a case of no migration (solid lines). Figure 3.3a shows a diﬀerence in grain size, Figure 3.3b shows
a diﬀerence in initial cobalt content and Figure 3.3c a diﬀerence in initial carbon content. e
uncertainty in the HV20 measurement is around 10-20 HV20 and the EDS uncertainty is around
6 %.
caution.
Chapter 4
Modeling Methods and Results
e diﬀerent models presented in the introduction, will be evaluated on their ability to predict the
ﬁnal binder distribution in this section. Only 5 minutes of sintering at 1400 C is suﬃcient to
reach an "equilibrium" of cobalt migration according to Fang et al. [12]. However the button is
not in thermal equilibrium after the end of the sintering cycle, even if the binder is in some sort
of migration equilibrium. Diﬀusion occurs down to 1000 C and the equilibrium grain size is not
reached after 1 hour of sintering [1, 15, 35, 36].
e data produced by Fang et al. [6] also point towards the idea that the ﬁnal cobalt distribution
is going to be very similar, independent of the initial cobalt distribution [12]. If the total initial cobalt
content is the same for two inserts. is suggests that the cobalt migration is close to equilibrium,
even when the button is not in thermal equilibrium. Hence an initial assumption of a close to zero
rate of net migration, at the end of the sintering cycle seems reasonable and hugely simpliﬁes the
problem.
4.1 Binder Migration ‘Equilibrium’
Lisovsky and Fang et al. [5--12, 25--27] developed models based on the concept of a migration
pressure resulting from a diﬀerence in surface and interface energies. Delannay et al. [4] break
down the geometric constants in Lisovsky’s model, which gives a better understanding of the eﬀect
of the geometry. Stjernberg, Jansson and Larsson et al. [18, 23, 32] developed models based on
the concept of minimizing the surface and interface energy per unit mole or volume. e essential
physical principle is the same for all these models. Migration driven by the minimization of the
chemical, surface and interface energies in the button as a whole. e problem is just solved slightly
diﬀerently as shown in Equation 1.1, 1.2, 1.4, 1.5, 4.4 and in Figure 4.1.
e simplest and ﬁrst step is to plug in the results from this thesis and other reports [6, 12, 20,
30] into the model by Fang et al. Equation 1.2 and this paper's modiﬁed Stjernberg model. e
derivation of the modiﬁed Stjernberg model is outlined in the Appendix Equation A.15 to A.14.
e key parameters are liquid volume fraction (f ), linear grain size (d) or surface to volume ratio
(R), carbon content (Δxc), contiguity (C), surface and interface energies ().
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All papers present the grain size. Fang et al. present the liquid volume fraction in the papers
[6, 12]. is thesis calculates the liquid fraction from the Co-m/Co measurement and the ﬁnal
cobalt content. e data point from the paper [30] present the cobalt and carbon content, but not
the volume fraction of liquid binder. Hence it is calculated in the same way as this paper. e data
from [20] does not present the carbon content, hence it is assumed to be in the middle of the carbon
window Figure 1.5. Cobalt content, carbon content, liquid fraction and grain size measurements
vary by method and in the reports. Hence, caution has to be used not to over analyze data ﬁts
and plots. Error bars are not included in the ﬁgures since it would be misleading, due to the data
being calculated using diﬀerent assumptions and with unknown uncertainties. However, this will
be discussed in the Discussion section of the paper.
Contiguity can be approximated in two diﬀerent ways as shown in equation A.5 and A.7. How-
ever, the standard deviation is not presented for the grain size in any of the papers. Equation A.5
is therefore used. Surface energies and how the wetting proceeds is still a highly debated topic [19].
Hence it will initially be assumed that the surface energy per area WC is on average the same every-
where in the button, and the binder will try to wet every WC-WC surface. is allows one to solve
and plot a modiﬁed Stjernberg Equation 1.4, which assumes that binder migration will continue
until the total surface energy is minimized. Hence, one can plot equation 4.1 and put the left-hand
side on the y axis and the right-hand side on the x axis to see if the surface energy is minimized in
the button.
4.2 Results 'Migration Equilibrium'
Figure 4.1 compares the model by Fang et al. 4.1a from equation 1.2, with the modiﬁed Stjernberg
model 4.1b from equation 4.1. e straight line in 4.1a indicates that P1m = P2m, which means that
the "migration pressure" in both halves of the inserts are equal. Hence the binder should migrate
until P1m = P2m, and hence every insert should lie on this line at the end of the sintering cycle
according to Lisovsky and Fang et al.
e straight line in 4.1b, means that the (Ratio of surfaces per volume) equals the (Ratio of
liquid fractions at equilibrium). e derivation in the Appendix A.2 shows that the surface energy
per volume is minimized, when this is true, hence both sides are equal in Equation 4.1
e Figure 4.1b does not includ samples with an initial carbon diﬀerence. A carbon diﬀerence
makes the surface/interface energy in the two halves of the button diﬀer. e surface/interface energy
is not known and the model can therefor only model buttons having the same surface/interface
energy per area in the whole button.
R2 (1  f2)
R1 (1  f1) =
(f1   1)2
p
(2  f2)f2
(f2   1)2
p
(2  f1)f1
A:31 (4.1)
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(a) (b)
Figure 4.1: Graphs comparing the Fang's et al. ﬁtted migration pressure model 4.1a from equation
1.2, with the modiﬁed Stjernberg surface energy minimization model 4.1b from equation 4.1.
4.3 Modeling the ﬂow
e Stjernberg equation can be applied as suggested by Larsson [23], without introducing any ﬁtting
parameters. e Lisovsky, Jansson, Fang et al. and Delannay et al. models all require extensive data
ﬁtting, which has to some extent been done by Fang et al. e Stjernberg and Larsson et al. models
do not suﬀer from this and is therefore going to be the aim of this section. Conceptually the goal
will be to incorporate surface energies into a diﬀusion model. e diﬀusion modeling software
DICTRA [2] is used for the modeling.
A conceptional picture will be given on how this problem will be approached using DICTRA,
refer to [2] for details about the software. DICTRA solves Onsager's extension of Fick’s law, which
is based on diﬀusion driven by diﬀerences in activities calculated using THERMOCALC [2], which
is the thermodynamic software integrated in DICTRA. e composition can only diﬀer along one
axis, but the geometry can be three dimensional. e ﬂux (Jk) for component k is calculated using
the equation 4.2, where the mobility (M) is from an internal database, the volume (V) is the volume
of all substitutional elements (W andCo). e parameter uk is themole fraction of element k divided
by the mole fraction of all substitutional elements. e parameter µk is the chemical potential of
element k. Em is the energy per mole.
Jk =
 1
V
Mkuk
@µk
@x
(4.2)
Jk =
 1
V
 k
@µ
L:eq
k
@x
(4.3)
Em = R (1  f ) (wc wc C+ wc bind (1  C )) Vmolar (4.4)
Solid WC, liquid Co, graphite and -phase can all be present in the button. is is solved by
modeling the button as many thin slices and modeling every slice as consisting of one single phase
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by a homogenization procedure, resulting in Equation 4.3. e parameter  k is the locally averaged
kinetic function, calculated using the homogenization function. e parameter µ
L:eq
k is now the
chemical potential at the local equilibrium [24], which the surface and interface energy (Equation
4.4) will be added to [23, 24].
e software does not yet allow for a varying grain size, but it should conceptually be able to
simulate cobalt migration, from high regions of cobalt to low regions of cobalt, and from regions of
high carbon activity to low. By adding the surface energy contribution per mole to the µ
L:eq
k . e
simulations are carried out for one hour at the sintering temperature.
4.4 Results diﬀusion modeling
Many simulations are carried out, but the simulations presented in the results sections are three
extremes, that summarize the ﬁndings. e ﬁrst extreme has no initial diﬀerence in carbon activity
(Figure 4.2a). is can be motivated by the fact that carbon diﬀuses rather fast. Any small carbon
diﬀerence present in inserts only diﬀering by an initial cobalt content should hence be negligible at
the sintering temperature. Hence, this ﬁgure only shows the surface/interface energy contribution
to the binder diﬀusion.
e next extreme shows the maximum possible initial carbon activity diﬀerence from powders
being free from graphite and -phase at 1000 C. 1000 C is the temperature at which the elements
are “frozen in”, during cooling in the sintering process (Figure 4.2b). is simulation also includs a
surface energy contribution.
e third extreme case is a button with no initial cobalt diﬀerence, but with the maximum initial
carbon activity diﬀerence possible without graphite and -phase in the powders (Figure 4.2c). is
is simulated without any surface energy contribution, since the surface energy contribution would
counter the diﬀusion in this third case.
Approximating the surface energy is rather diﬃcult, especially at the sintering temperature.
However, it has been tried in the PhD thesis [19] and the paper [29], which also explain the prob-
lems well. It is up for debate if cobalt wets a WC-WC interface, wets a WC surface or a pre-wetted
WC-WC interface. e surface and/or interface energies are therefore aﬀected by the chemical
activities, grain or interface wetting, temperature, grain surfaces and orientations to mention a few.
All this will be simpliﬁed by stating that the diﬀerence in energy between a WC-WC interface
or two WC surfaces and two WC-Co interfaces, cannot be as large as the interface energy between
a WC-WC interface. In simple terms, it is assumed that the WC-Co surface has an interface energy
of zero, leading to the largest possible migration. e WC-WC interface energy is estimated to be
2.3 J/m2, which is an average from the literature [19, 29]. e contribution to the diﬀusion model
is then shown in equation 4.5. e complete code is available in the Appendix A.4.
Em = R fwc (wc wc C+ wc bind (1  C )) Vmolar (4.5)
wc bind = 0 wc wc = 2:3 J=m2 R = 2:81 106m 1
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Figure 4.2: ree simulations of three diﬀerent extreme cases. e initial composition is the dashed
line and the ﬁnal is the solid line. All simulations show some computational error, leading to a
mismatch in the total mole fractions of the elements. Showing up as a vertical shift in the lines.
Chapter 5
Discussion
Both a quantitative understanding and an understanding of the physical principles of migration are
essential to be able to produce double pressed inserts. e direction of migration in this research
agrees with prior experiments and data. However, the properties during the sintering can only be
approximated by measuring the properties before and after the sintering. is makes the results
uncertain and scattered and show the diﬃculty of quantifying the properties of the pieces during
the migration, (since the migration occurs during the sintering).
e migration pressure model (Lisovsky and Fang et al.) ﬁts the data rather well when two
similar grain sizes are used. But it does not aid in the understanding of double pressed buttons with
large diﬀerences in grain sizes. is is shown by the three scattered points in Figure 4.1a.
e surface energy minimization model without any ﬁtting (Stjernberg model) clearly shows
that the liquid fraction diﬀerence is less than the model predicts, Figure 4.1b. is means that
a maximum binder gradient can be determined, and hence a minimum hardness gradient can be
determined for a speciﬁc grain size diﬀerence.
e DICTRA simulations show, that it is possible to simulate migration by diﬀusion. However,
it is unlikely that the migration is by diﬀusion only. It seems that the migration takes place due to
advection (bulk ﬂow) or convection (both diﬀusion and advection), Figure 4.1. e discussion will
aim at explaining these results.
5.1 Initial Powder diﬀerences
ere is a signiﬁcant uncertainty in the hardness and the binder migration results, both originating
from the samples in this work and from how other reports measure and report binder contents
and grain sizes. Information concerning shape distortions, cobalt capping and the carbon contents
during the sintering cycle is also seldom reported.
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5.1.1 Initial Cobalt Diﬀerence
e ﬁnal cobalt concentration is close to even between the two halves of the buttons when the initial
cobalt content is the only initial diﬀerence present. However, button shape distortion is signiﬁcant
for buttons with large amounts of cobalt migration Figure 3.2a and button 1, 2, 3, 4, 9, 10, 11
and 12 in Figure A.1. A slight hardness gradient is also present for buttons with large grains and
signiﬁcant migration. is is most likely due to the large amount of migration, since the cobalt
diﬀerence seems not to be large enough to account for the hardness diﬀerence.
5.1.2 Initial Grain Size Diﬀerence
An initial diﬀerence in grain sizes results in a gradient in the binder. is can conceptually be
explained by the fact that small grains have a larger surface to volume ratio. e diﬃculty is to
quantify this migration by the diﬀerent models. But there are some important qualitative insights
that have been ignored in published research. ere is often a hardness peak, at the grain boundary
between the large and small grains. e hardness then decreases further into the area of small grains,
and increase in hardness further into the large grain area. is can be seen in Figure 5.1, and it is
also present in [30, 33]. e hardness peak at the interface appears to originate due to the mix of
small and large grains, leading to a lower binder content with a signiﬁcant amount of small grains
Figure 5.1.
Cobalt capping can be seen on the button half with small grains, Figure A.1 buttons 5, 6, 7, 8,
14, 15 and 16. Which can be a sign of diﬀerent solidiﬁcation times of the interior and exterior [17].
Expansion is not as signiﬁcant in the buttons with an initial grain size diﬀerence, compared to the
buttons with an initial cobalt gradient. Pressing could also have an eﬀect since powders of diﬀerent
grain sizes are pressed together.
No buttons where produced with an initial cobalt diﬀerence matching the grain size diﬀerence
in such a way that there would be no net migration. Making it diﬃcult to isolate these eﬀects, as
being due to migration, pressing, internal pressures or a combination.
5.1.3 Initial Carbon Diﬀerence
An initial carbon diﬀerence in the button results in a cobalt and hardness gradient, Figure 3.3c
and A.3e. No gradient would be distinguishable if the carbon diﬀused much faster than the binder
migrated, and a perfect step would be the result if the binder migrated much faster than the carbon
diﬀused.
e simulation (Figure 5.2a) has a larger initial carbon diﬀerence, then the real button 17 (Fig-
ure 5.2b). e diﬀusion simulation shows that the ﬁnal carbon gradient is negligible. e real
button should then have an even smaller carbon gradient by the end of the sintering cycle. e car-
bon diﬀerence in the real insert is even smaller than in the simulation. is shows that the carbon
will have enough time to diﬀuse through the real button.
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(a) (b)
(c) (d)
Figure 5.1: 5.1a Hardness peak at the boundary, 5.1b hardness dip and peak at the tip and base of
button. 5.1c and 5.1d Cobalt and grain size gradients at interface of button 5. e lines in 5.1d
represent where the measurements where done
is further points towards the idea that the binder is migrating by convection or in some way
faster than carbon or any assumed rate of binder diﬀusion. Because the simulated diﬀusion cannot
create such a large cobalt diﬀerence as shown in the buttons. e simulation would otherwise have a
larger binder gradient than the real button 17. is eﬀect is most likely due to the fact that a higher
carbon content in the binder leads to worse wetting, due to diﬀerent interface and surface energies
shown in reference [19, 22].
e carbon activity and the carbon content in the binder, aﬀects both the temperature at which
the binder becomes liquid and the volume fraction of the binder. More carbon lowers the temper-
ature at which the binder becomes liquid, but decrease the volume fraction of the binder. A lower
melting temperature would lead to migration away from areas of high carbon activity, but a smaller
liquid fraction would lead to migration towards areas of more carbon.
Quantifying these eﬀects would require more control, understanding and simulations of the
carbon content and carbon activities than this research has been able to do. Fang et al. [12] carried
out experiments where the migration pressure model was ﬁtted to inserts with diﬀerent carbon
24 CHAPTER 5. DISCUSSION
(a) (b)
Figure 5.2: Figure comparing a simulation of a button with a carbon diﬀerence, with a real button.
contents, included in Figure 4.1a.
Carbon diﬀuse with the binder and through the binder. e carbon content measured in one
half of the insert before, after and during the sintering would then diﬀer. Even if the sintering is only
carried out during 5min to limit carbonmigration, as stated by the report [12]. Hence the calculated
migration pressure would then depend on the carbon content, that depends on the migration. e
liquid fraction would then also depend on the carbon content. is makes it very unclear how and
when the carbon content should be measured. is idea does therefore not agree with the theory of
migration pressures, and works due to the model being ﬁtted to data and constants being used as
ﬁtting parameters.
5.1.4 Several Initial Property Diﬀerences
Two buttons with an initial grain size, cobalt and carbon gradients (buttons 21, 22) and two with
initial cobalt and carbon gradients were produced (buttons 23, 24), Figure A.3f. e buttons 21, 22
and 24 lost their tips due to pressing problems, making it diﬃcult to draw conclusions about these
buttons. Button 23 however shows a more step like hardness gradient, compared to buttons with
an initial carbon or cobalt gradient. Showing that one can add carbon to decrease the migration of
cobalt.
5.2 Migration 'Equilibrium' Models
e uncertainty in the measurements and between diﬀerent reports makes quantitative compar-
ison of the models rather uncertain. Nevertheless, many important conclusions, hypotheses and
predictions can be made and these will be reported in this section
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5.2.1 Migration Pressure
e Fang et al. ﬁt of the Lisovsky model is good for double pressed buttons with grain sizes of
1-2.5µm. However, it does not ﬁt data produced by Konyashin et al. and some of the buttons
produced by the group itself, Figure 4.1a, when the grain size diﬀerence is larger, (1µmwith >4.8µm
grains).
Figure 4.1a can also be rather misleading. A small shift away from the equilibrium line results
in approximately a 1.5 weight % diﬀerence in cobalt content or a 0.2 µm diﬀerence in grain size,
Figure 5.3a. A rough estimate is that this diﬀerence in grain size or cobalt content approximately
equals a hardness diﬀerence of 50 HV20.
(a) (b)
Figure 5.3: Graphs showing what a shift of 1.5 weight % cobalt or a 0.2µm diﬀerence in grain size
is on the diﬀerent graphs.
e reason for this is due to the many ﬁtting parameters, showing up as constants in the model.
e constants are derived to represent the shape of the particles, the voids, interface energy, surface
energy, surface to volume ratio, contiguity, dihedral angel, shrinkage pressure and binder percolation
rates. ere is little evidence that these are constant for diﬀerent grain sizes, liquid contents or during
migration. is model could be developed by ﬁtting to more data or analyzing the constants in line
with Delanny et al. [4] and studying the concept called 'imbibition' by Lisovsky and Fang et al.
Hence theoretical development of this is neither trivial or enlightening at this stage. But it can be
used for ﬁtting due to the ﬂexibility of the model for ﬁts over certain intervals. But it is diﬃcult to
use for manufacturing of new unexplored double pressed cemented carbides.
5.2.2 Minimization of Surface/Interface Energies
e modiﬁed Stjernberg model consistently underestimates the diﬀerence in cobalt contents. is
means that every insert produced has a larger diﬀerence in the surfaces per volume between the
halves, than it has in the calculated liquid fractions at the sintering temperature. e ﬁgures 5.4
shows this since all data points are below the line of minimum total surface/interface energy, (straight
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black line). Being below this line means that there is more binder where there are larger grains than
what is assumed to be energetically optimal.
is seems not to be due to the migration of cobalt being far from some type of 'migration
equilibrium'. Meaning that the sintering is not too short to allow for all the binder to migrate from
the half of large grains to the half of small grains.
Figure 5.4a show this by plotting the 'movement' of the buttons from pre-sintered to sintered
on the Stjernberg graph. e red star shows a button with an initial cobalt content of 20 weight
% of cobalt with a grain size of 1.1µm on one half and 10 weight % of cobalt with a grain size of
2.4µm on one half.
e green star shows the opposite where the larger amount of cobalt is initially in the half with
large grains. e change in grain size due to grain growth is not included in the 'movement' on
the graph. One would expect the red star to stop at the equilibrium line if surface/interface energy
minimization is what drives the migration. However, this data point is from a diﬀerent data set,
with a lot of unknowns and grains shrinking during the sintering cycle [6].
e circles in Figure 5.4b shows pairs of buttons with the same grain gradients, but with op-
posite initial cobalt gradients, having the same total cobalt content. Coming from a diﬀerent data
set [6]. is indicates that the buttons are close to being in some sort of 'migration equilibrium',
independent of the initial cobalt diﬀerence. is 'equlibrium' does not agree withe the total sur-
face/interface minimum. is disagreement with the model might be due to diﬀerences in how
things are measured, what assumptions are made or that diﬀerent energies are involved.
(a) (b)
Figure 5.4: 5.4a shows the 'movement' of the buttons on the surface/interface energy minimization
graph according to the Stjernberg model, due binder migration. 5.4b shows pairs of buttons with
the same grain size gradients, but opposite initial cobalt gradients.
e problem is then to identify which simpliﬁcations are invalid, or how the measurements can
be improved. is idea of a migration equilibrium holds to some extent. Data points from other
sources do not calculate liquid fractions, carbon contents and grain sizes in the same ways, and
contiguity is never explicitly measured. Data from this paper has approximated the carbon contents
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of the insert halves at the sintering temperature. e total cobalt content measured with the EDS
does not agree with the total cobalt mixed in, due to the EDS being qualitative. Every data point
measured can ﬁt the equilibrium line, if other still very reasonable carbon contents, cobalt contents
and grain sizes were used.
Hence, the rest of this section will focus on investigating the diﬀerent eﬀects, rather than ﬁtting
the model to the data. Such a ﬁtting would be more misleading than enlightening at this stage.
e carbon content is notoriously diﬃcult to control, measure and accurately know during the
sintering cycle. Carbon oxidizes during outgassing, and migrates with and through the binder, as
well as solves into and reprecipitates out of the binder. Carbon has a large eﬀect on the migration,
since it changes the volume fraction of the binder, the surface/interface energy and the temperature
at which the binder becomes liquid. e carbon window is also rather small as shown in Figure 5.5.
Lastly, carbon is light and cannot be measured using EDS, and it is also diﬃcult to measure accu-
rately using other common techniques such as wavelength dispersive spectroscopy (WDS).However,
chemical analysis could be used to measure the ﬁnal and initial carbon content very accurately.
Figure 5.5: Phase diagram for WC-Co system, mole fraction of carbon ranging from 0.44 to 0.47,
temperature from 1250 C to 1450 C and a cobalt content of 6% at a pressure of 100000 Pa. Blue
area indicates the carbon window.
e phase diagram in Figure 5.5 clearly shows that the temperature at which the binder becomes
liquid change with a changing carbon content. Fixing the weight % of carbon would not ﬁx the
carbon activity, since it changes with changing cobalt content. Hence diﬀerent compositions can be
in diﬀerent regions of the phase diagram at the same time. One half of the button can conceptually
be in the upper two phase region while the other half of the button is in the lower two phase region
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or the three-phase region.
is would aﬀect the migration, since the binder could essentially migrate back to the area with
large grains during cooling. e small grain region contains liquid binder while the large grain
region only contains solid binder. e same situation could occur during heating, since the region
with more binder or more carbon would have more liquid at a lower temperature.
Both of these possibilities for 'errors' agree with the experimental results. e data points in
Figure 5.4 are below the theoretical equilibrium line. Which means that the diﬀerence in cobalt
contents are less than predicted. e heating and cooling rates of 5-10C/min and a diﬀerence in
temperature of the phase change of circa 25C might allow for this.
Surface and interface energies seem to be the reason for the migration in the buttons with a
carbon activity diﬀerence. is paper has not tried to dive in to the eﬀect carbon activities have
on surface and interface energies, and how the wetting proceeds. Other papers have investigated
this [19, 29], measuring the carbon content before and after sintering is possible, but it is almost
impossible to measure it during the sintering cycle. ese are the reasons for samples with diﬀerent
carbon contents not being included in the surface energy minimization graph 4.1b. But a better
understanding might allow for the inclusion of surface energies in the model. Hence the assumption
of equal surface areas might provide some of the error.
e contiguity is approximated for all the samples using experimental ﬁts. is have shown to
be reasonably accurate for certain grain size ranges, but it relies on measuring the grain size using
the same method. e problems with measuring the grain size and contiguity in this paper has
been outlined in the methods section. e measured grain size and the contiguity could therefore
also be a source of error. e grains in the report by Fang et al. [6] shrink while sintering, which
shows that some type of averaged grain size is used. Hence explicitly measuring the contiguity and
surface to area ratio could provide some insight. e surface to area ratio of the samples in this
report where measured using the technique in [3], however the Jeﬀries grain size was used to make
the data comparable.
Large migrations and diﬀerences in grain sizes would also create internal pressures that have
been ignored. e surface and interface energy minimization model does not include any surface
and interface energies directly, only contiguity, liquid fractions and surfaces per volume. Hence
other forces and energies that are proportional to these quantities could theoretically be 'hidden' in
the model and contribute to the migration or work to limit the migration.
5.3 Diﬀusion Modeling
e DICTRA diﬀusion model clearly underestimates the migration. Because it is not migrating by
diﬀusion only, but rather advection (bulk ﬂow) or convection (both diﬀusion and convection). is
agrees with the data produced by Fang et al. when they sinter for only 5 min. e model could on
the other hand possibly agree with the migration in two densiﬁed inserts joined together, since this
would allow for less bulk ﬂow.
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Using the diﬀusionmodel to calculate a migration equilibriumwould require one to gain a better
understanding of interface energies, surface energies, grain growth, mobility and advection rates.
is is far from trivial but the most interesting solution from a scientiﬁc perspective. Signiﬁcant
diﬀusion and solution of tungsten and carbon occurs and cannot be ignored, since carbon and
tungsten is present in the binder. e carbon content varies with the binder content and change the
volume fraction of the binder. Including bulk ﬂow in the model would therefore signiﬁcantly aid
the understanding of the process. e diﬀusion model is the only method investigated that includes
solution, reprecipitation, diﬀusion, surface energies directly while constantly calculating the binder
composition and phase equilibrium during the migration.
e misﬁt in the simulation of initial and ﬁnal mole fractions might be disturbing. But it is due
to the homogenization function not being able to establish a local equilibrium leading to a small
error, increasing the accuracy in the computation would solve this.
Chapter 6
Outlook
Further development in the ﬁeld of binder migration can be carried out without having to develop
theory on advection, surface energies, grain growth, imbibition, solution and reprecipitation, since
these topics individually are entire research ﬁelds. is section will therefore suggest further research
ideas and possible ways to manufacture double pressed inserts using current knowledge. As well as
concluding this thesis.
6.1 Future Research
More data points can always be ﬁtted to the migration pressure model, however this might not
providemuchmore insight, since this have been done by Fang et al. [5--12]. However, the geometric
factors developed by Lisovsky, Delanny et al., Jansson [4, 18, 25--27] could aid in the development
of adding advection to the diﬀusion model. is is because the possibility of cobalt to migrate
depends on how the binder can diﬀuse and 'ﬂow' through the carbide skeleton.
ere are many diﬀerent factors eﬀecting the migration and distinguishing these eﬀects is of
importance. Creating an experiment with powders on the -phase edge of the phase diagram would
be one solution to make sure that the carbon does not inﬂuence the results. is would be the left
side of the blue area in Figure 5.5. Having a carbon deﬁciency would also make sure that the wetting
is at a maximum and that the activity is ﬁxed since the -phase would function as a carbon activity
buﬀer.
It would also be interesting to sinter the powder samples and the double pressed green bodies at
the same time during an interrupted sintering cycle. is would help in investigating and comparing
the rate of migration, grain growth and liquid fractions, between double pressed and non-double
pressed buttons.
Sintering two joined already sintered pieces with gradients together is also of interest. To in-
vestigate if this 'bulk ﬂow limited' migration resembles the migration simulated by the diﬀusion
simulation.
When carbon activities, diﬀusion, advection andmigration rates are distinguished, then it would
be of interest to break down the eﬀects of surface energies, exact contiguities, grain sizes and tem-
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peratures of phase changes.
Experiments to investigate the eﬀect of carbon on the migration has been done with graphite and
-phase [7], which could be used for understanding carbon gradients. Carbon contents aﬀect many
other factors as mentioned, hence trying to understand the eﬀect of carbon without understanding
liquid fractions and liquidation temperatures might be misleading.
Manufacturing these buttons to have cobalt contents so they initially lie along the surface energy
minimization line in Figure 4.1b, would also be interesting. is would provide information if, how
and when the diﬀerence in surface area per unit does not equal the diﬀerence in liquid fractions.
e model seems to divert more and more from the real buttons as the diﬀerence increases.
6.2 Possible Cemented Carbides
e possibilities double pressing introduce to the production of gradient inserts is close to limitless.
Implementing double pressing is easily done, since presses are already available. A complete under-
standing of the migration is also not necessary to be able to manufacture buttons or other inserts.
One obviously has to decide on what button gradients are desired, but some suggestions are given
in this section.
All buttons investigated in this report lead to a smaller diﬀerence in the cobalt content than the
Stjernberg model predicted. It would be very interesting to manufacture buttons that are expected
to be at the Stjernberg migration equilibrium. is means being on the line in Figure 5.4a and
hence having an initial excess in cobalt in the half with small grains.
e binder would then not migrate at all or migrate from small to large grains. is is what
happened in the sample indicated by a red star in Figure 5.4a. However, this has not been done
with any buttons in this research. is then means that the expected hardness gradient or a larger
than expected hardness gradient is going to be present in the real buttons. is is much better than
before, because most buttons produced in the past lost the desired hardness gradient.
Manufacturing buttons that are expected to be in migration equilibrium, means that there is
too much cobalt or just the right amount in the half with small grains. As mentioned, if too much
cobalt is present in the half with small grains, then the cobalt would migrate to the large grains.
is does not only guarantee a larger than expected hardness gradient. But it could also lead to an
expansion where there are large grains and a compression where there are small grains.
is could then be used to create internal pressures in the buttons. Both with a uniform grain
size and a grain size gradient. Creating compressive pressure and expanding pressures in speciﬁc
parts of the button would then be another way of using double pressing. Expansion can be seen in
Figure 3.2a, but the extent at which this creates hardness gradients have not been investigated in
this report.
Carbon gradients are hard to quantify, since carbon migrates with and through the binder.
Carbon also aﬀect the surfaces and interfaces, the wetting, the liquid factions and temperature at
which the binder becomes liquid. However, carbon can be added to diﬀerent parts of the button to
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decrease or increase the migration, by approximately 50 HV20 or 2 wt-% cobalt.
is is rather useful, because carbon will always lead to less binder, and carbon itself does not
aﬀect the hardness directly. is can be seen in Figure A.3f sample 23 and 24. Buttons 23 and
24 have the same initial cobalt gradient as the buttons in Figure A.3b, but with a carbon gradient
countering the cobalt migration.
Small grains and low binder contents makes the button brittle, hence the modiﬁed Stjernberg
equation shows the limit of the largest amount of binder that could migrate. Using this along with
the Fang et al. ﬁts produces a range at which an unexplored button would land in. A better ﬁt could
also be done with the modiﬁed Stejrnberg, by relaxing the assumption on equal surface/interface
energies. is allows for the creation of approximate values for new buttons.
Shifting hardness gradients by adding cobalt to both sides is also possible but the gradient would
be slightly less for a large total cobalt contents. Hence an understanding of the processes, an idea of
a desirable gradient and some experimental ﬁneness allows for production of double pressed buttons
already at this stage.
6.3 Conclusion
Double pressing cemented carbides is going to be an important step in the production of harder
and longer lasting cemented carbides. e purpose of this research was to investigate why and how
a hardness gradient disappears or shifts, when two powders with diﬀerent grain sizes are double
pressed and sintered together. Trying to quantify and predict the cobalt migration was shown to
be the key to answer the question. e research was done by producing inserts, testing inserts,
investigating and developing past research.
is research has shown that the migration pressure model by Lisovsky [25--27] and ﬁtted to
data by Fang et al. [5--12] is reasonably accurate for certain grain size ranges, but not large grain
size diﬀerences.
e modiﬁed version of the model by Stjernberg [32], without any ﬁtting, also predicts the
migration to the same extent. However, it also provides a maximum gradient in cobalt due to a
grain size gradient.
e DICTRA simulations show that diﬀusion only simulations underestimate the migration,
pointing towards the idea that there is convection (both diﬀusion and advection).
Further research is also suggested and recommended. However, certain types of double pressed
tungsten carbides can be designed with some experimental ﬁnesse, since the cobalt distributions will
be reasonably close to predicted values.
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Appendix A
Appendix
A.1 Buttons
(a)
(b)
Figure A.1: e 24 double pressed buttons after sintering. 12 diﬀerent powder combinations, two
buttons of each combination.
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(a) Button Data (b) Powder Data
Figure A.2: Tables of powder and button data.
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A.2 Derivations
A modiﬁed derivation of the work done by Stjernberg [32] and Larrson [23]
Some deﬁnitions, where A is the area of an component and  the standard deviation.
Awc wc
Vtot
=
1
2
C Awc
Vtot
=
1
2
C R (1  f ) (A.1)
Awc bind
Vtot
=
1
2
(1  C ) Awc
Vtot
=
1
2
(1  C ) R (1  f ) (A.2)
G =
1
2
wc wc   wc bind (A.3)
R = surface areawc to volumewc =
2 (grain intercepts)
line traversing grains
[31]  4
d
[32] (A.4)
Equations Calculating the Contiguity [16]
e deﬁnition of contiguity:
C =
Areawc wc
Total Area
(A.5)
Without a grain size distribution
C = 1 
q
fbind(2  fbind )2 = 1 
p
1  fwc 2 (A.6)
With a grain size distribution:
C = 1  f 0:644exp(0:391(=d)) (A.7)
Taking the derivatives
dC
d(1  f) =
f  1p
(2  f )f (A:6) =  
0:0644exp(0:391=d)
f 0:356
(A:7) (A.8)
Total Surface Energy per volume :
Ev =
U
V
=
wc wc  Awc + wc bind  Awc
V
(A.9)
(A.10)
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E = R (1  f ) [wc bind + G C ] (A.15)
e binder will migrate until the Total Energy per Volume (E) is minimized.
For double pressed buttons, with binder only migration:
U = E1V1 + E2V2 (A.16)
dU = dU1 + dU2 (A.17)
dfwc1 = d(1  f1) =  dV1
V1
(1  f1) (A.18)
e change in energy of one half is then:
dU1 = E1dV1 + V1dE1 =
E1dV1 + V1
dE1
dV1
dV1 = [E1 + V1
d(1  f1)
dV1
dE1
d(1  f1) ]dV1 (A.19)
(A.20)
Plugging in A.18:
dU1 = [E1   (1  f1) dE1
d(1  f1) ]dV1 (A.21)
dE1
d(1  f1) = R1[wc bind + G1 C1 + (1  f1 ) G
C1
d(1  f1) ]A:15 (A.22)
Plugging in A.22 in A.21, rearranging and simplifying:
dU1 =  R (1  f1)2G1 dC1
d(1  f1)dV1 (A.23)
dV2 =  dV1; (A.24)
dU2 = R (1  f2)2G2 dC2
d(1  f2)dV1 (A.25)
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e change in total energy of the button, due to migration:
dU
dV
= [(1  f2)2 G2 R2 dC2
d(1  f2)   (1  f1)
2 G1 R1
dC1
d(1  f2) ]dV1 (A.26)
At equilibrium :
dU
dV1
= 0 (A.27)
d 2U
dV1 2
> 0 (A.28)
One can set up the following equation using A.27 and A.26
(1  f2)2 G2 R2 dC2
d(1  f2) = (1  f1)
2 G1 R1
dC1
d(1  f1) (A.29)
Equation A.28 will also always be positive if G1 and G2 is positive which it is for WC-Co since
the binder wets the grain boundaries
Further rearranging A.29 leads to the conclusion that the surface energy is minimized and no
binder will migrate when equation A.30 holds. Which is a similar to the solution in [32]
G2 R2
G1 R1
=
(1  f1)2 dC1d(1 f1)
(1  f2)2 dC2d(1 f2)
(A.30)
Equation A.30 also only contain measurable quantities after plugging in A.8 in equation A.30.
R2G2 (1  f2)
R1G1 (1  f1) =
(f1   1)2
p
(2  f2)f2
(f2   1)2
p
(2  f1)f1
(A.31)
Equation A.15 can also be rearranged to calculate the surface energy contribution per mole
which could be used for diﬀusion modeling
Em = R (1  f ) (wc wc C+ wc bind (1  C )) Vmolar (A.32)
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A.3 Hardness Graphs
(a) (b)
(c) (d)
(e) (f )
Figure A.3: HV20 Graphs
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A.4 DICTRA Macro Codes
Only Surface Energies
go da
sw ccthm
@@@@ get the components
def-sys C, Co, W
rej ph \times
rest ph mc_shp liq
get
app mobfe2
def-sys C, Co, W
rej ph \times
rest ph Liq
get
@@@
@@@Classic sintering temp
@@@
go -mon
set-con Global T 0 1683.15; \times N
en-reg
diffcouple
en-gr
DIFFCOUPLE
4e-3
D
100
0.93
1.07
en-ph
ACTIVE
DIFFCOUPLE
MATRIX
liq
en-ph
ACTIVE
DIFFCOUPLE
sph
mc_shp
@@@ 6%Co - 10%Co
@@@ equal activity! 3.8630E-01
en-com
DIFFCOUPLE
LIQUID
W
MOLE_FRACTION
C
fun
0.44958+(0.41784-0.44958)\times 0.5\times (erf((x-(4e-3/2))/2e-6)+1);
CO
fun
0.096281+(0.15688-0.096281)\times 0.5\times (erf((x-(4e-3/2))/2e-6)+1);
ent-com
DIFFCOUPLE
mc_shp
Y
s-s-c
0
1
2
NO
ACTIVITIES
YES
YES
1
2
NO
YES
NO
se-sim-tim
3600
YES
530
1E-07
1e-15
@@@
@@@ Absurd wetting, zero enrgy of WC-Co
@@@ WC-WC interface of 2.3 (J/m\times \times 2)
@@@ large grains S/V 2820000 (1/m)
ut
NO
YES
NO
NO
NO
NO
y
NO
NO
NO
YES
.001
NO
NO
y
2810000\times Vm\times vpv(mc_shp)\times (2.3\times sqrt(1.0 - 1.0\times vpv(mc_shp)\times \times 2));
NO
NO
NO
NO
NO
ho
y
n
n
y
1000000
log
0.4
no
no
yes
@@@ labyrinth factor slows the diffusion
@@@ enter_lab
@@@ DIFFCOUPLE
@@@ volfr\times \times 1.5
s-acc
0.05
1e-5
s-log
2
save ACRnone.dic y
sim
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Surface Energies
and Max Activity Diﬀerence
go da
sw ccthm
@@@@ get the components
def-sys C, Co, W
rej ph \times
rest ph mc_shp liq
get
app mobfe2
def-sys C, Co, W
rej ph \times
rest ph Liq
get
@@@
@@@Classic sintering temp
@@@
go -mon
set-con Global T 0 1683.15; \times N
en-reg
diffcouple
en-gr
DIFFCOUPLE
4e-3
D
100
0.93
1.07
en-ph
ACTIVE
DIFFCOUPLE
MATRIX
liq
en-ph
ACTIVE
DIFFCOUPLE
sph
mc_shp
@@@
@@@ 6%Co - 10%Co
@@@ etha at 1000
@@@ graphite at 1000
@@@ to maximise diffusion
en-com
DIFFCOUPLE
LIQUID
W
MOLE_FRACTION
C
fun
0.45193+(0.42222-0.45193)\times 0.5\times (erf((x-(4e-3/2))/2e-6)+1);
CO
fun
0.095915+(0.15582-0.095915)\times 0.5\times (erf((x-(4e-3/2))/2e-6)+1);
ent-com
DIFFCOUPLE
mc_shp
Y
s-s-c
0
1
2
NO
ACTIVITIES
YES
YES
1
2
NO
YES
NO
se-sim-tim
3600
YES
530
1E-07
1e-15
@@@
@@@ Absurd wetting, zero enrgy of WC-Co
@@@ WC-WC interface of 2.3 (J/m\times \times 2)
@@@ large grains S/V 2820000 (1/m)
ut
NO
YES
NO
NO
NO
NO
y
NO
NO
NO
YES
.001
NO
NO
y
2810000\times Vm\times vpv(mc_shp)\times (2.3\times sqrt(1.0 - 1.0\times vpv(mc_shp)\times \times 2));
NO
NO
NO
NO
NO
ho
y
n
n
y
1000000
log
0.4
no
no
yes
@@@ labyrtinth factors slow down the diffusion
@@@ enter_lab
@@@ DIFFCOUPLE
@@@ volfr\times \times 1.5
s-acc
0.05
1e-5
s-log
2
save MAX.dic y
sim
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Only Activity diﬀerence
go da
sw ccthm
@@@@ get the components
def-sys C, Co, W
rej ph \times
rest ph mc_shp liq
get
app mobfe2
def-sys C, Co, W
rej ph \times
rest ph Liq
get
@@@
@@@Classic sintering temp
@@@
go -mon
set-con Global T 0 1683.15; \times N
en-reg
diffcouple
en-gr
DIFFCOUPLE
4.5e-3
D
150
0.93
1.07
en-ph
ACTIVE
DIFFCOUPLE
MATRIX
liq
en-ph
ACTIVE
DIFFCOUPLE
sph
mc_shp
@@@
@@@ ONly activity difference
@@@
@@@ equal activity! 3.8630E-01
en-com
DIFFCOUPLE
LIQUID
W
MOLE_FRACTION
C
fun
0.42276+(0.41682-0.42276)\times 0.5\times (erf((x-(4e-3/2))/2e-6)+1);
Co
fun
0.15569+(0.15712-0.15569)\times 0.5\times (erf((x-(4e-3/2))/2e-6)+1);
ent-com
DIFFCOUPLE
mc_shp
Y
s-s-c
0
1
2
NO
ACTIVITIES
YES
YES
1
2
NO
YES
NO
se-sim-tim
3600
YES
530
1E-07
1e-15
@@
@@No grain
@@
ho
y
n
n
y
1000000
log
0.2
no
no
yes
@@@@ slows diff down
@@@@enter_lab
@@@@DIFFCOUPLE
@@@@volfr\times \times 1.5
s-acc
0.05
1e-5
s-log
2
save Cdiff.dic y
sim
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